Circadian oscillators in chicken cone photoreceptors regulate the gating properties of cGMP-gated cationic channels (CNGCs) such that they have a higher apparent affinity for cGMP during the subjective night. Here we show that cAMP, acting through protein kinase A (PKA), Ras, and Erk, is part of the circadian output pathway controlling CNGCs. Endogenous and exogenous cAMP cause activation of Erk and Ras, which are more active at night in cones, and increase the apparent affinity of CNGCs for cGMP. The Ras farnesyl transferase inhibitor manumycin-A, and a dominant-negative form of Ras (RasN17) block the circadian rhythms in CNGC gating, as well as the effects of cAMP. A dominant-negative form of the MEK kinase B-Raf also blocks circadian and cAMP modulation of CNGCs. The circadian output pathway modulating CNGC channels is comprised in part of cAMP 3 PKA 3 Ras 3 B-Raf 3 MEK 3 Erk 3 3 CNGCs. cAMP activation of Ras and Erk occur within minutes, whereas modulation of CNGCs requires Ͼ1 hr. However, cAMP protagonists do not alter rhythms in cPer2 mRNA, and their effects on CNGCs cannot be attributed to clock phase-shifting.
Introduction
A large literature indicates that circadian oscillators regulate vertebrate visual system function (Terman and Terman, 1985; Bassi and Powers, 1987; Dearry and Barlow, 1987; Reme et al., 1991; Shaw et al., 1993; Lu et al., 1995; Wang and Mangel, 1996; Li and Dowling, 1998; Manglapus et al., 1998 Manglapus et al., , 1999 McGoogan and Cassone, 1999; Wu et al., 2000) . Control of visual system sensitivity is associated with several rhythmic changes in the structure and physiology of the retina and associated ocular structures (Cahill and Besharse, 1995) . However, relatively little is known about circadian control of individual components of phototransduction cascades.
We recently reported that circadian oscillators within photoreceptors modulate chick cone cGMP-gated channels (CNGCs) (Ko et al., 2001 (Ko et al., , 2003 , which carry the photoreceptor dark current (Burns and Baylor, 2001 ). Thus, the apparent affinity of CNGCs for cGMP is significantly greater during the subjective night than during the subjective day, even in constant dark conditions, such that considerable changes in channel gating would be expected to occur at physiological concentrations of cGMP (Ko et al., 2001 (Ko et al., , 2003 . Light exposure in and of itself does not cause modulation of these channels, and other biophysical features of the gating of CNGCs, such as unitary conductance, Hill slope, or density of channels in the plasma membrane, do not vary significantly as a function of the time of day (Ko et al., 2001) .
Circadian modulation of CNGCs entails a post-translational modification of the channel complex, and it qualitatively resembles effects that others have observed after binding of calmodulin and related proteins, or phosphorylation on specific CNGC tyrosine residues (Rebrik and Korenbrot, 1998; Kramer and Molokanova, 2001; Molokanova and Kramer, 2001) . Modulation of photoreceptor CNGCs is predicted to evoke complex effects on the dynamics of phototransduction (Pugh et al., 1999; Savchenko et al., 2001) . Moreover, because active CNGCs in cones also contribute to Ca 2ϩ -dependent exocytotic secretion of neurotransmitter (Rieke and Schwartz, 1994; Savchenko et al., 1997) , modulation of CNGCs may also regulate light responses of second-order retinal cells.
Circadian modulation of cones is driven in part by rhythms in the activity of the MAP kinase Erk. Thus, Erk activation in cones exhibits a robust circadian rhythm and peaks around the middle of the subjective night. This rhythm is part of the output pathway leading to modulation of CNGCs, because inhibition of the Erk signaling cascade blocks the circadian rhythm in the gating properties of CNGCs (Ko et al., 2001 ). The components of the output pathway leading from the photoreceptor circadian oscillator to activation of Erk are the subject of the present study. Here we show that Erk activation, and therefore modulation of CNGCs, is driven by intracellular cAMP, which acts at least in part via protein kinase A (PKA) to activate a cascade comprised of Ras, B-Raf, and MEK.
Materials and Methods
Cell isolation and culture. Chick retinas were dissociated at embryonic day 6 (E6) as described previously (Adler and Hatlee, 1989; Ko et al., 2001 Ko et al., , 2003 . Retinal cells were grown for 5 d on poly-D-lysine-coated glass coverslips in a medium consisting of Eagle's minimal essential medium (Biowhittaker, Walkersville, MD) supplemented with 10% heatinactivated horse serum (Biowhittaker), 2 mM glutamine, 50 U/ml penicillin, 50 g/ml streptomycin, and 20 ng/ml recombinant rat ciliary neurotrophic factor (R & D Systems, Minneapolis, MN). Cultures prepared in this way yield a highly enriched population of cones (Adler et al., 1984; Belecky-Adams et al., 1996) . Cell culture incubators (39°C and 5% CO 2 ) were equipped with lights and timers, which allowed for entrainment of retinal circadian oscillators to 12 hr light/dark (LD) cycles in vitro or in ovo as described previously (Ko et al., 2001 (Ko et al., , 2003 . Most measurements were made on the second day of constant darkness (DD), after 4 d of entrainment to LD cycles.
Electrophysiology. Recordings were made from cells with elongated cell bodies, an outer segment, and one or more prominent oil droplets on the distal side of the soma, as described in detail elsewhere (Ko et al., 2001 (Ko et al., , 2003 . Briefly, inside-out patches were excised into a saline free of divalent cations consisting of (in mM): 145 NaCl, 10 Na-HEPES, 10 glucose, and 1 EGTA, pH 7.4, and held at Ϫ65 mV. Pipette solution was the same as the bath saline. Recordings were performed in the light at room temperature (22-23°C). Channels were activated by gravity-fed bath application of varying concentrations of cGMP dissolved in bath saline. Cultures were typically pretreated with drugs at circadian time (CT) 3 or CT15 for 2 hr or 15 min before recording, as indicated. Drug treatment occurred in the dark in the cell culture incubator. Concentration-response curves were fitted with the Hill equation
where S is the concentration of cGMP, K D is the dissociation constant, and n is the Hill coefficient using Microcal (Northampton, MA) Origin version 6.0 software. Each group contained 9 -12 patches obtained from at least three different preparations of retinal cells. All statistical analyses were performed using Statistica software (Statsoft, Tulsa, OK) and consisted of one-way ANOVA followed by Tukey's post hoc test for unbalanced n (when comparisons were made between multiple independent groups). Throughout, p Ͻ 0.05 was regarded as significant. The cAMP analog 8-CPT-cAMP and the adenylate cyclase activator forskolin were obtained from Sigma (St. Louis, MO); the adenylate cyclase inhibitors MDL-12330A and SQ-22536, and the farnesyl transferase inhibitor manumycin-A were obtained from Calbiochem (La Jolla, CA). The PKA inhibitor Rp-cAMPS was obtained from Tocris (Ballwin, MO), and the PKA inhibitor myristoyl-PKI [14 -22] was obtained from Biosource International (Camarillo, CA).
Biolistic transfection. Chick retinas from E6 were dissociated, cultured, and entrained under LD cycles for 4 -5 d as described above in culture medium as described above except that horse serum was increased from 10 to 15%. On the fourth or fifth day of culture, cells were transfected using a biolistic particle delivery system (PSD-1000; Bio-Rad, Hercules, CA). Plasmids were precipitated onto 1.0 m gold beads according to the protocol of the company. The particle delivery system generated a helium shock wave with a pressure gradient of 650 psi to accelerate the coated beads onto cultured cells. After transfection, cells were cultured under DD for another day, and then used for electrophysiology at CT4 -7 or CT16 -19 on the second day of DD. The plasmid encoding modified Renilla reniformis green fluorescent protein (GFP) is commercially available from Stratagene (La Jolla, CA) and was chosen because it produces much less toxicity than Aqueorus green fluorescent protein. In these experiments, dominant-negative mutants were cotransfected with Renilla GFP at a ratio of 1:1. A plasmid encoding RasS17N (RasN17) was obtained from Upstate Biotechnology (Lake Placid, NY). Plasmids encoding the mutants B-Raf-km and Raf-1-kd were generously provided by Dr. Deborah Morrison of the National Cancer Institute (Bethesda, MD). Both of these constructs contain mutations in the ATP binding site that cause them to act as powerful dominant negatives. Constructs encoding RapN17, originally developed by Dr. Johannes Bos (University Medical Center of Utrecht, The Netherlands), were provided by Dr. Phillip Stork (Vollum Institute, Portland, OR). All of these constructs use cytomegalovirus (CMV) promoters.
Immunoblot analysis of protein kinase phosphorylation and Ras activation. Measurements of Erk activation by immunoblot analysis have been described in detail previously (Ko et al., 2001 (Ko et al., , 2003 . We used a monoclonal antibody specific for diphospho-Erk (Sigma), and a polyclonal antibody insensitive to the phosphorylation state of Erk (Santa Cruz Biochemicals, Santa Cruz, CA). All experiments were repeated three to six times. Ras activation was assayed using a commercially available pulldown assay (Upstate Biotechnology) according to the manufacturer's instructions. This system uses the Ras binding domain (RBD) of Raf-1 to selectively precipitate active Ras, which is then measured by immunoblot analysis using a primary antibody directed against Ras. A polyclonal antibody against Rap1 was also obtained from Upstate.
Quantitative real-time reverse transcription-PCR analysis of cPer2 transcripts. These procedures and all of the primers were described in detail previously (Ko et al., 2003) . Briefly, total RNA from cultured chick retina was extracted, and 500 ng of total RNA from each sample was used to quantify expression of cPer2 and chick ␤-actin mRNA by quantitative real-time RT-PCR (Q-PCR) using the Taqman one-step RT (reverse transcription)-PCR kit and an ABI Prism 7000 Sequence Detection System (Applied Biosystems, Foster City, CA). Data are expressed as the relative ratio of cPer2 to ␤-actin, and measurements were repeated three times.
Results

cAMP contributes to circadian modulation of cone CNGCs
Chick photoreceptors were entrained to 12 hr LD cycles for 4 -5 d in vitro, and then switched to constant darkness (DD). On the second day of DD, inside-out patches were excised from cones during the subjective day, at CT4 -7, or during the subjective night . CT0 is the time of expected lights on, and CT12 is the time of expected lights off. cGMP concentrationresponse curves were determined immediately after patch excision (Fig. 1 A) . As described previously (Ko et al., 2001 (Ko et al., , 2003 , the average apparent K D for cGMP estimated from fitted Hill curves was significantly greater in patches excised during the subjective day than during the subjective night (Fig. 1 B) . Therefore, the affinity of CNGCs for their normal activating ligand is under circadian control in chicken cones and is higher during the night. As noted previously, circadian oscillators do not appear to modulate the Hill slope for channel activation or the average channel density (Ko et al., 2001) .
In chick pineal photoreceptors, the activity of adenylate cyclase and the content of cAMP are under circadian control and peak during the middle of the subjective night (Nikaido and Takahashi, 1998) . A similar rhythm in cAMP content is also observed in chick retinal photoreceptors (Ivanova and Iuvone, Figure 1 . The apparent affinity of cGMP-gated channels for activating ligand in chick retinal cone photoreceptors is under circadian control. Cultured chick cones were entrained to 12 hr LD cycles for 4 -5 d in vitro and then switched to constant darkness (DD). On the second day of DD, inside-out patches were excised from cones during the subjective day (CT4 -7) or the subjective night (CT16 -19). cGMP concentration-response curves were generated immediately after patch excision. A, Typical cGMP concentration-response curves obtained from patches excised during the subjective day (hollow squares) and subjective night (filled squares). Curves are shown with superimposed least-squares fits to the Hill equation. B, Mean apparent K D (filled squares) from patches excised at CT4 -7 (n ϭ 10 patches) and CT16 -19 (n ϭ 10 patches). Individual data points are also shown (open squares). Recordings were made from cells free running on the second day of DD. In this and all subsequent figures, error bars represent SEM, and numbers in parentheses are the number of patches tested. *p Ͻ 0.001.
2003)
, which suggested the possibility that cAMP is part of the circadian output pathway that leads to modulation of CNGCs. To test this hypothesis, we examined the effects of agents that enhance or inhibit cAMP signaling cascades on the gating properties of cone CNGCs at different times of day. In these experiments, drugs were applied to intact cells 2 hr before inside-out patch recordings were made from cones on the second day of DD. Exposing intact cells to 500 M 8-CPT-cAMP, a membranepermeable cAMP analog, caused a significant decrease in the apparent K D of CNGCs in patches excised during the subjective day, when intracellular cAMP levels are normally at their nadir. However, 8CPT-cAMP had no effect on channel K D during the subjective night (Fig. 2 A) . The same pattern was observed in intact cells treated for 2 hr with 20 M forskolin, an activator of adenylate cyclase (Fig. 2 B) . Thus, exogenously applied cAMP protagonists evoke phase-dependent modulation of cone CNGCs.
We used two different pharmacological approaches to test a role for endogenous cAMP in circadian regulation of CNGCs. First, we examined the actions of the adenylate cyclase inhibitors MDL-12330A (50 M) or SQ-22536 (75 M), which should dampen or eliminate rhythms in intracellular cAMP levels. Exposure of intact photoreceptors to these agents for 2 hr caused an increase in the apparent K D of CNGCs in patches excised during the subjective night, when cAMP is normally at its peak, as well as a decrease in K D during the subjective day, when cAMP levels are lower (Fig. 2C,D) . A second approach is based on the fact that many of the actions of cAMP are mediated by PKA. We observed that two structurally and mechanistically distinct PKA inhibitors, Rp-cAMP-S or myristoyl-PKI [14 -22] , eliminated circadian modulation of CNGCs by causing an increase in the apparent K D during the subjective night as well as a small decrease in the K D of CNGCs during the subjective day (Fig. 2 E,F ) . Indeed, the pattern observed with these two structurally and mechanistically distinct PKA inhibitors is similar to that observed with inhibitors of adenylate cyclase. These data provide a second line of support for the hypothesis that endogenous cAMP is a component of the circadian output pathway leading to modulation of the affinity of cone CNGCs for their activating ligand. These data further suggest that cAMP acts at least in part through PKA to modulate CNGCs of chick cone photoreceptors.
Role of Erk in cAMP modulation of cone CNGCs
We have previously shown that circadian control of cone cGMPgated channels requires MEK-dependent activation of the MAP kinase Erk (Ko et al., 2001) . Therefore, we investigated whether Erk is a component of the signaling cascade that leads to phasedependent modulation of CNGCs by cAMP. We have previously shown that treatment with the MEK1 inhibitor PD98059 (50 M) increases the K D of cGMP-gated channels during the subjective night but has no effect during the subjective day. In the present study, we observed that a second MEK1 inhibitor, U0126 (30 M), produced similar effects on channel gating (Fig. 3C) . Moreover, the effects of cAMP protagonists on CNGCs during the subjective day were reduced by either PD98059 or U0126 (Fig. 3) . This observation is consistent with the theory that cAMP acts at least in part through Erk to modulate CNGCs. However, it seems likely that cAMP can activate additional pathways. Thus, PD98059 and U0126 were not able to convert nighttime behavior to daytime behavior in the presence of cAMP protagonists. This result was unexpected, and it suggests that the actions of cAMP on CNGCs are not entirely mediated through Erk signaling cascades, at least not in the presence of high intracellular cAMP activity.
Direct biochemical evidence also suggested an interaction between cAMP and Erk signaling in cones. Thus, we observed that application of 8-CPT-cAMP (500 M) or forskolin (20 M) evoked an increase in Erk phosphorylation. As with our previous study (Ko et al., 2001) , we observed that basal Erk diphosphorylation was greater during the subjective night (CT17) than during the subjective day (CT5) in control cells (Fig. 4 A) . Application of either 8-CPT-cAMP or forskolin for 2 hr increased Erk diphosphorylation, especially during the subjective day (measured at CT5), and also during subjective night (measured at CT17) (Fig.  4 A) . The effects of forskolin on Erk diphosphorylation were rapid in onset, and could be observed after a 15 min exposure (Fig. 4B) . It bears noting that a 15 min exposure to forskolin is insufficient to cause modulation of CNGCs, whereas 2 hr is sufficient (Fig. 4C) . In a converse set of experiments, we observed that 2 hr treatment with the adenylate cyclase inhibitor MDL-12330A Figure 2 . Phase-dependent modulation of cGMP-gated channels by cAMP. Experiments were performed on cones free-running on the second day of DD in vitro. Drugs were applied starting 1.5-2 hr before inside-out patch recordings were made at CT4 -7 and CT16 -19. A, The membrane-permeable cAMP analog 8-CPT-cAMP (500 M) caused a significant decrease in the mean K D of cGMP-gated channels during the subjective day (CT4 -7) but not during the subjective night (CT16 -19) . B, A similar effect was produced by forskolin (20 M). C, D, The adenylate cyclase inhibitors MDL-12330A (50 M) and SQ 22536 (75 M) significantly increased the K D of cGMP-gated channels during the subjective night but not during the subjective day. This was also seen with the PKA inhibitors Rp-cAMPS (50 M) and myristoyl-PKI [14 -22] (10 M) (E, F ). The symbols * and # indicate p Ͻ 0.05.
(50 M) or the selective PKA inhibitor myristoyl-PKI [14 -22] (10 M) decreased Erk diphosphorylation during both the subjective day and subjective night (Fig. 4D) . Because it is the diphosphorylated form of Erk that is active, these data indicate that in chick retina, adenylate cyclase, and endogenous intracellular cAMP regulate Erk activation during the circadian cycle via a PKA-dependent pathway. This part of the circadian output pathway can occur quickly, and the ratelimiting steps appear to lie in the cascades that intervene between Erk and the CNGCs.
Ras and B-Raf are required for circadian and cAMP modulation of CNGCs
In the photoreceptive chick pineal gland, activation of the small GTPase Ras is under circadian control (Hayashi et al., 2001) . In chick retina, we have used a pull-down assay to show that activation of the small GTPase Ras is also under circadian control, with peak activity occurring during the subjective night (Fig. 5A) . Is Ras is part of the pathway leading from cAMP to Erk activation? We used two different approaches to test this hypothesis. The first approach is based on the fact that Ras activation requires exchange of GTP for GDP, typically catalyzed by guanine nucleotide exchange proteins, and also modification by a protein farnesyl transferase necessary for membrane recruitment. The latter process is amenable to pharmacological perturbation. We observed that treatment of photoreceptors with the farnesyl transferase inhibitor manumycin A (1 M) for 2 hr before patch excision had no effect on cGMP-gated channels in patches excised during the subjective day, but signifi- but has no effect during the subjective day (CT  4 -7) . B, The effects of forskolin (20 M) or 8-CPT-cAMP (500 M) on cGMP-gated channels during the subjective day (CT 4 -7) were reduced by PD98059. C, The MEK1/2 inhibitor U0126 (30 M) produced effects similar to PD98059. *p Ͻ 0.05. . Erk activation is driven by cAMP in chick cones. A, Erk diphosphorylation is substantially greater during the subjective night (CT17) than during the subjective day (CT5) in control cells. Cells treated for 2 hr with forskolin (20 M) or 8-CPT-cAMP (500 M) exhibit enhanced Erk diphosphorylation during both the subjective night and day. B, Treatment with forskolin for 15 min, 60 min, or 2 hr increases Erk activity during both the subjective day and night. C, However, treatment with forskolin for 15 min does not change the apparent affinities of CNGCs for activating ligand during either the subjective day and night, whereas a 2 hr treatment is effective. D, Treatment with MDL-12330A (MDL) (50 M) or myristoyl-PKI [14 -22] (PKI) (10 M) for 2 hr significantly decreased Erk diphosphorylation during both the subjective day and night. In this figure, representative blots are shown above results of densitometric analysis (n ϭ 4). Ordinates of the graphs represent signal for diphosphorylated Erk divided by total Erk. *p Ͻ 0.05 compared with all other data points.
cantly increased the apparent K D during the subjective night, when Ras is normally most active (Fig. 5B) .
Although this observation supports the hypothesis, it bears noting that monomeric GTPases of the Ras family are not the only proteins that require farnesylation for normal biological activity. Therefore, we used another approach to test the role of Ras specifically, namely overexpression of a selective dominantnegative mutant, the S17N mutation of Ras (RasN17). Using biolistic procedures, we transfected cultured cones on the first day of DD with a combination of vectors encoding GFP and RasN17 (both under the control of a CMV promoter) or with GFP alone. The transfections were not performed until after the cells were entrained to LD 12:12 for 5 d, which ensured that inhibition of Ras signaling did not disrupt entrainment of the cells. Transfected cells could be readily observed at the time of recording using fluorescence optics (Fig. 5C ). On the second day of DD, inside-out patches were excised from cones during the subjective day (CT4 -7) or the subjective night (CT16 -19). Control cells (expressing GFP alone) displayed a normal circadian modulation of CNGCs, with a high apparent K D during the subjective day and a reduced K D during the subjective night. By contrast, cells cotransfected with GFP and RasN17 showed no circadian rhythm owing to an increased K D during the subjective night (Fig. 5D) . Together, these data indicate that Ras activation is necessary for the circadian rhythm in the affinity of CNGCs for activating ligand in chick cones. Moreover, Ras activation is required for cAMP modulation of cone CNGCs. Thus, 500 M 8-CPT-cAMP had no effect on the K D of CNGCs in cells expressing GFP and RasN17 (Fig. 5D ). This result indicates that Ras is necessary for the circadian phase-dependent modulation of cone cGMP-gated channels by cAMP.
Consistent with this finding, we have also observed that cAMP protagonists can evoke Ras activation in cones. Thus, a 2 hr exposure to 8-CPT-cAMP causes an increase of Ras activation during the subjective day (Fig. 6 A) . Forskolin also evoked Ras activation (Fig. 6 B) , and this effect was inhibited by myristoyl-PKI [14 -22] (data not shown). Conversely, treatment with the adenylate cyclase inhibitor MDL-12330A (50 M) or the PKA inhibitor myristoyl-PKI [14 -22] (10 M) decreased Ras activation during both the subjective day and subjective night (Fig. 6C) . As with Erk, forskolin-evoked activation of Ras is rapid compared with its effects on CNGCs, because robust Ras activation occurred within 15 min (Fig. 6 D) .
In neuronal systems, cAMP can stimulate pathways leading to activation of another small GTPase known as Rap1, which in turn can lead to Erk activation (de Rooij et al., 1998; Kawasaki et al., 1998; Grewal et al., 1999 Grewal et al., , 2000 . However, we have been unable to detect Rap1 in cultured chick photoreceptors by immunoblot analysis using a polyclonal antibody against Rap1 that can readily detect Rap1 expression in chick brain at the same developmental stage. Moreover, cotransfection with GFP and a Rap dominantnegative mutant RapN17 (Schmitt and Stork, 2000) had no effect on circadian or cAMP modulation of CNGCs (data not shown).
In signaling systems studied to date, the actions of Ras are mediated by MEK kinases of the Raf family, including Raf-1 (Peyssonnaux et al., 2000; Peyssonnaux and Eychene, 2001), and B-Raf (Kao et al., 2001 ). We have investigated whether circadian and cAMP modulation of CNGCs is mediated by members of this . An endogenous cAMP-dependent signaling pathway modulates Ras activation in chick cones. Cells were treated with drugs for 2 hr starting at CT3 or CT15 on the second day of DD. Ras activation was measured at CT5 or CT17. A, B, Ras activation is greater during the subjective night (CT17) than during the subjective day (CT5) in control cells. Cells treated with 8-CPT-cAMP (500 M) or forskolin (20 M) exhibit elevated Ras activity during both the subjective night (CT17) and subjective day (CT5). C, Conversely, treatment with the adenylate cyclase inhibitor MDL-12330A (50 M) or the PKA inhibitor myristoyl-PKI [14 -22] (10 M) decreased Ras activity during both the subjective day and night. D, Treatment with forskolin for 15 min causes Ras activation during both the subjective day and night. In this figure, results of representative assays are shown above results of densitometric analysis (n ϭ 4).
family of proteins. We observed that cotransfection with GFP and a Raf-1 dominant-negative mutant (Raf-1-kd) had no effect on circadian modulation of CNGCs (Fig. 7A) . However, cotransfection with GFP and a B-Raf dominant-negative mutant (B-Rafkm) blocked the circadian modulation of CNGCs, as well as the effects of 8-CPT-cAMP on these channels (Fig. 7B) . These two Raf family dominant-negative constructs are in the same expression vector and driven by the same promoter. These data are consistent with the theory that a pathway comprised of Ras, B-Raf, MEK, and Erk is essential for circadian modulation of photoreceptor CNGCs.
The effects of 2 hr treatments with cAMP protagonists on Erk, Ras, and CNGCs are not associated with changes in the dynamic state of the circadian oscillator (Fig. 8) . Stated in another way, cAMP is functioning as a true clock output, and the effects of cAMP pathway protagonists and antagonists noted above are not a simple consequence of clock phase shifting. If they were producing a significant effect on the overall dynamic state of the circadian oscillator, than one would expect to see a change in the levels of one of the cycling clock gene transcripts. To test this, we measured levels of transcripts encoded by the clock gene cPer2 in cultured photoreceptors by means of real-time quantitative RT-PCR. This transcript is rhythmically expressed in avian circadian oscillator systems (Doi et al., 2001 ) and can therefore serve as a read-out of the dynamic state of the clock. We have previously shown that cPer2 mRNA levels in retina on the second day of DD are highest during the subjective day (Ko et al., 2003) . Exposure to 8-CPT-cAMP (500 M) for 2 hr starting at CT3 or CT15 had no effect on cPer2 transcript levels at either circadian phase (Fig.  8) . Note that this does not exclude that cAMP can phase-shift the retinal oscillator, indeed it is known to do so in Xenopus retinal photoreceptors (Hasegawa and Cahill, 1998) . However, the consequences of clock phase-shifting would normally be observed on subsequent cycles, rather than immediately after cessation of a 2 hr drug treatment.
Discussion
We have previously shown that the CNGCs of chicken cone photoreceptors are under circadian control such that they have a higher affinity for activating ligand during the subjective night (Ko et al., 2001 (Ko et al., , 2003 . Computational (Ko et al., 2001; Pugh et al., 1999) and experimental (Savchenko et al., 2001 ) evidence suggests that this type of modulation should markedly affect the dynamics of phototransduction. In the present study, we have demonstrated that photoreceptor circadian oscillators modulate cone CNGCs by a pathway that uses cAMP, Ras, and Erk. There are circadian rhythms in the cAMP content of retinal photoreceptors (Ivanova and Iuvone, 2003) , and this messenger appears to drive Ras activation through a pathway that depends on protein kinase A. Activated Ras in turn evokes Erk activation by a pathway that requires B-Raf and MEK.
One of the key observations of this study is that Ras activation is under circadian control in vertebrate photoreceptors, and that Ras activation is essential for circadian control of cone CNGCs. Ras and related small GTPases play a central position in mediating many cellular processes, and there are a number of demonstrated and putative downstream effectors of Ras (Vojtek and Der, 1998; Takai et al., 2001 ). Therefore, it is possible that Ras controls circadian output pathways other than the one demonstrated here. For example, Ras activation in postmitotic cells, acting through effector systems such as Erk, Ral, and PI3K, can lead to changes in gene expression and remodeling of the cell cytoskeleton. Both of these processes could play a role in modulating overall circadian control of photoreceptors, because many vertebrate photoreceptors, including those of birds, undergo extensive retinomotor movements in response to changes in ambient illumination and circadian control processes (Drenckhahn and Wagner, 1985; Burnside, 2001) . Retinomotor movements require extensive remodeling of the cytoskeleton, and it would interesting to know if Ras plays a role in regulating this process.
The cAMP content of pineal and retinal photoreceptors is maximal during the subjective night (Nikaido and Takahashi, 1998; Ivanova and Iuvone, 2003) , and at least in retina this rhythm appears to drive a rhythm in melatonin synthesis and secretion (Ivanova and Iuvone, 2003) . Our data provide several independent lines of evidence that endogenous cAMP is also a component of the circadian output pathway that leads to Erk activation and modulation of CNGCs. Specifically, two different inhibitors of adenylate cyclase and two different inhibitors of PKA eliminate circadian modulation of CNGCs, which lock into a low-affinity state that approaches that of the normal subjective day. Conversely, pharmacological activation of adenylate cyclase (by forskolin), or application of a membrane-permeable cAMP analog, causes CNGCs to lock into a high-affinity state characteristic of the subjective night. These treatments also produce corresponding circadian phase-dependent effects on Ras and Erk activation, as cAMP protagonists activate these enzymes, whereas adenylate cyclase inhibitors eliminate the normal nocturnal increase in their activity. However, certain details of our results suggest that cAMP can activate multiple cascades that eventually lead to modulation of CNGCs, at least under certain conditions. For example, CNGCs continued to exhibit a relatively high affinity for cGMP in the combined presence of forskolin and MEK inhibitors. It is possible that additional pathways become available to cAMP once MEK is inhibited, possibly because of diversion of active Ras toward other effectors. Alternatively, it is possible that forskolin during the nighttime produces very high and nonphysiological intracellular cAMP levels, leading to activation of pathways that would not otherwise occur in these cells. In any case, it is clear that Ras and Erk are essential components of the normal circadian output pathway driven by endogenous cAMP, and it seems equally clear that Ras and Erk are not the only pathways driven by cAMP.
Many intracellular proteins are substrates for PKA, and there are other cAMP-binding proteins that can transduce the actions of this second messenger (Richards, 2001; Enserink et al., 2002) . As a result, cAMP has highly pleiotropic actions in cells and appears to be a component of multiple circadian output pathways in vertebrate retinal photoreceptors. As noted above, cAMP plays a role in circadian clock regulation of melatonin secretion from retinal photoreceptors (Ivanova and Iuvone, 2003) . Interestingly, this does not appear to be the case in the chick pineal gland (Zatz, 1992) . Similarly, there is evidence that cAMP can stimulate retinomotor movements (Besharse et al., 1982; Burnside et al., 1982; Burnside and Ackland, 1984; Burnside, 2001 ), but it is not known whether cAMP drives the circadian rhythm in this process. It should also be noted that cAMP can reset the circadian oscillators of Xenopus retinal photoreceptors (Hasegawa and Cahill, 1998) . Clock resetting caused by altered cAMP signaling cannot explain our results, because the treatment durations that we used are short compared with a circadian cycle, and we observed robust effects of cAMP protagonists on CNGCs, Ras, and Erk activities without altering cPer2 mRNA levels.
In neurons, there is precedent for cAMP causing activation of Ras/Raf-1/Erk (Ambrosini et al., 2000; Iida et al., 2001 ) as well as Rap-1/B-Raf/Erk signal pathways (Vossler et al., 1997; Dugan et al., 1999) . Our data infer that a Ras/B-Raf/Erk pathway controls the circadian modulation of CNGCs and is a downstream effector of cAMP signaling. This pathway for Erk activation is somewhat unusual, but a similar pathway has been identified in melanocytes and melanoma cells based on similar lines of evidence (Busca et al., 2000) . Thus, signaling in melanocytes and cone photoreceptors is blocked by dominant-negative forms of Ras and B-Raf, and resistant to dominant-negative forms of Rap1 and Raf-1 (indeed Rap1 cannot be detected in chick cone photoreceptors). Moreover, it has been known for some time that activated Ras can bind to and activate B-Raf in vitro (Jaiswal et al., 1994; Ohtsuka et al., 1996; Marais et al., 1997) .
The mechanism by which cAMP causes activation of Ras in photoreceptors is unknown, but there are several possibilities based on precedents in other cells. However, one class of these possibilities can be excluded. Thus, activation of Erk and modulation of CNGCs in photoreceptors is blocked by two structurally dissimilar PKA inhibitors, which suggests that the effects observed here are not caused by any of the guanine nucleotide exchange factors that bind cAMP directly (Richards, 2001; Enserink et al., 2002) . This still leaves many other possibilities. For example, PKA can cause activation of Src family kinases that feed into Ras pathways in some neuronal and fibroblast cell lines (Klinger et al., 2002) . Moreover, a number of molecules that modulate Ras family proteins are substrates for PKA (Baouz et al., 2001 ). These include a GTPase activating protein known as neurofibromin, the product of the neurofibromatosis-1 gene (Ballester et al., 1990; Martin et al., 1990; Xu et al., 1990; Izawa et al., 1996; Tokuo et al., 2001) . Interestingly, the Drosophila ortholog of this gene plays a role in circadian output pathways, because mutations at this locus lead to a loss of locomotor activity rhythms and abnormally elevated Erk activity but have no effect on the core oscillator (Williams et al., 2001) .
The mechanism whereby the core oscillator drives a circadian rhythm in cAMP content of cone photoreceptors is not well understood. We observed that adenylate cyclase activity is required for circadian rhythms in Ras, Erk, and CNGCs, and it is certainly possible that the activity or expression of this enzyme is under circadian control in cones. In fact, circadian rhythms in adenylate cyclase activity are observed in chick pineal photoreceptors (Nikaido and Takahashi, 1998) . However, this is not the only plausible explanation for the present results. It is also possible that a cAMP phosphodiesterase (PDE) is under circadian control. Note that a rhythm in PDE activity would be ineffective in the absence of substrate to work on, so that in either case, inhibition of adenylate cyclase would be expected to produce the effects that we observe.
The present results provide information on the kinetics and dynamics of the circadian output pathway that leads to modulation of CNGCs. We observed that forskolin could lead to robust activation of Erk within 15 min or less. However, a 15 min exposure to forskolin was not sufficient to cause modulation of CNGCs, which instead requires at least 1 hr. In other words, the cascades leading to Erk are relatively fast, whereas the pathway from Erk to the channels is slow. It is possible that the pathway from Erk to CNGCs entails a large number of individual steps, but it is also possible that a small number of steps occur with a low probability, thereby leading to a delay in channel modulation. Alternatively, Erk may have to diffuse a considerable distance from its site of activation to make physical contact with membranes containing CNGCs and associated proteins. Our data on cPer2 indicate that this delay is not a consequence of clock phaseshifting. It also bears noting that we observed that forskolin consistently evoked stimulation of Erk diphosphorylation during the day and also during the night. Conversely, adenylate cyclase inhibitors caused inhibition of Erk, especially during the night, but also during the day. In other words, the circadian rhythm of Erk activation uses only a portion of the dynamic range that is available for this signaling system. Nevertheless, this relatively low amplitude rhythm is sufficient to account for circadian modulation of CNGCs, and pushing Erk activation outside of this range does not produce additional effects on channel gating. This observation is relevant to our previous study of dopaminergic control of CNGCs in cone photoreceptors (Ko et al., 2003) , because that neurotransmitter produced activation of Erk during the subjective day, but inhibition of Erk during the subjective night. In other words, the circadian oscillator does not saturate the Erk cascade during the subjective night, and that cannot explain why dopamine fails to stimulate Erk at that phase of the circadian cycle.
In summary, we have demonstrated that at least a portion of the circadian output pathway leading to modulation of cone CNGCs in photoreceptors requires cAMP, PKA, Ras, and an iso-form of Raf, leading to a relatively rapid activation of Erk. That MAP kinase in turn leads to a slower modulation of the channels that, based on kinetics, may be the result of a fairly extended cascade.
